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Abstract
In order to investigate the stability limit and movement of motor vehicles in tsunami flooding, and the drift and collision behavior
to the tsunami evacuation tower, both physical and numerical model experiments have been carried out. For the numerical study,
Ladd’s Lattice Boltzmann Method (LBM) model for particle suspension, which has been extended with free surface and SGS
turbulence model, is further modified to satisfy the simulations of motor vehicles with irregular shape. The interactions between
fluid and vehicle body, and vehicle and vehicle are numerically simulated by the exchange of momentum, due to the application
of link-bounce-back scheme for the movable solid particles in the fluid. The present numerical model is verified through the
physical experiments using up to 80 car models.
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1. Introduction
During tsunami inundation, secondary damages are caused by collision of moving and drifting large debris such
as motor vehicle, boat and container. The collision of large drift in the inundation flow is hazardous for people and
buildings, but there is little knowledge about the stability limits and control methods of even typical object, motor
vehicle. It is thus necessary to investigate the stability limit and movement of motor vehicles in tsunami flooding
and the collision behavior to buildings, especially to the facility used to protect the safety of life, i.e., tsunami
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Fig. 1. Schematic diagram of D3Q19 LBM model.
evacuation tower. For this purpose, a numerical model based on 3D Lattice Boltzmann Method is developed for
simulating the behavior of drifting vehicles due to tsunami inundation flow. To validate the 3D LBM model
simulations, physical model experiments using a 1:60 scale model of 1 up to 80 vehicles are carried out to investigate
the stability limit due to dam-break flows and the drift and colliding behavior against bridge type of tsunami tower
(with a large distance between pillars).
2. Numerical model based on LBM
2.1. Lattice Boltzmann equation
D3Q19 lattice model shown in Fig. 1 is applied, as it is necessary to determine the macroscopic variables of
momentum flux as well as density, velocity from the particle Distribution Function (DF). The velocity vectors ie
(i=0, 1, ..., 18) of each single lattice are given as 0 (i=0)e (i=1, 2, 3, 4, 5, 6) e2 (i=7, 8, …, 18), where
txe ΔΔ ( xΔ and tΔ are lattice interval in space and time, respectively).
The basic LBM algorithm consists of two steps; the streaming step and the collision step. Before streaming, the
fraction of virtual particles moving with a certain velocity of an independent lattice is represented by the DF  tfi ,x
. During the streaming step, all DFs are advected to the adjacent fluid lattice with the corresponding velocity
direction. During the collision step, the virtual particles are redistributed with a percentage of iΔ to a local
equilibrium state. All the DFs after collision step can be obtained by the Lattice Boltzmann Equation,
     ttftttf iiii ,Δ,Δ,Δ xxex  (1)
The virtual particle’s DF,  tfi ,x shows the number of particles with a velocity vector of i direction in the lattice of
x position at t time. With the particle distribution function, the density, velocity, momentum flux and local
equilibrium DF of the fluid field can be expressed respectively with weighted coefficient of iea in the following
form:
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The particle distribution function for the next step, namely the post-collision DF, iii ff Δ*  , can be calculated
as
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where 1 is the unit tensor, and sc is the speed of sound, as a function of virtual particle velocity e, 322 ecs  .
The pressure is determined by the ideal gas equation of state, 2scρp  . The post-collision non-equilibrium
momentum flux in the above equation is calculated as
      11ΠΠΠ :1
3
11,* neqv
neqneq λλ  (5)
where the eigenvalues λ and vλ are related to shear and bulk viscosities, respectively, and the overbar indicates the
traceless projection. The non-equilibrium momentum flux neqΠ can be obtained directly by subtracting the
equilibrium momentum flux eqΠ from the total momentum flux Π .
eqneq ΠΠΠ  (6)
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Sub Grid Smagorinsky (SGS) turbulence model is rather easily applied by adding the modified total kinematic
viscosity to the collision term of the general Lattice Boltzmann Equation with BGK approximation. Specifically, the
eddy viscosity coefficient ν of SGS turbulence term is added to the normal kinematic viscosity coefficient ν ,
resulting in a total kinematic viscosity ννν   . The relaxation time ( λτ 1 ) related to kinematic viscosity is
then revised with
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The equation of Smagorinsky eddy viscosity is given in the form
    xν Δ (9)
where  is the magnitude of the local stress tensor,  is Smagorinsky constant set to be 0.1 throughout the
numerical simulations, and xΔ is the lattice length.
The link-bounce-back collision rule is applied for the moving boundary condition of a solid vehicle. It is assumed
that the surface of an individual body is constructed by a series of boundary nodes which locate in the center of fluid
nodes and solid nodes inside the rigid body (Fig. 2). It is also assumed that there are no DFs in the solid nodes, and
the momentum transfers between fluid and vehicle are through the link-bounce-back scheme. The
velocities along links cutting the boundary surface are represented by arrows. Set the location of fluid node just
outside the body surface as x and the position of solid node adjacent to the body surface as tbΔex  (the subscript
b represents the solid boundary node), then each of the corresponding population densities is updated according to a
simple rule which takes into account the motion of the body surface. The velocity components transfer parallel to
the 18 DF directions, and the DFs of moving boundary node can be then updated from
    20
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where  tfb ,* x is the post-collision DF at (x, t) in the direction be , bea is the coefficient of weights, 0ρ is the mean
density used to simplify the update procedure, and the subscript b~ denotes the anti-parallel lattice vector,
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Fig. 2. Location of boundary nodes for the vehicle surface.
namely, bb ee ~ . The local velocity of the body surface bu is determined by the body velocity U, angular velocity
Ω and the center of the mass R, shown as
 RxΩUu  bb (11)
where bx is the location of surface boundary node, tbb Δ21 exx  . Originally, the bounce-back method (Ladd,
1994) is assumed with fluid filled inside of the body surface. The method proposed by Aidun et al. (1998), in which
no fluid is included inside bodies and momentum exchange only occurs at the boundary nodes of body surfaces, is
applied in the present model.
Free surface condition is included in the model for the simulation of open channel flows and progressive waves.
The intrinsic characteristic of LBM, of which all the macroscopic variables (density, momentum, momentum flux
of the fluid) can be simulated with a serious of microscopic DFs of virtual particles in each lattice, makes the
expansion of free surface condition more conveniently without any huge computational cost. In the present model,
free-surface flows is simulated using the scheme proposed by Thürey and Rüde (2009), in which a fluid fraction
parameter ε is used to distinguish fluid ( 1ε ), gas ( 0ε ) and interface lattices ( 10  ε ). With this marking
method, tracking of the free surface is feasible in the LBM simulation. This can be done by the following steps: 1)
calculation of the mass exchange, 2) computation of the gas lattice next to an interface lattice, 3) the ordinary
streaming and collision processes, 4) re-initialization of lattice types and redistribution of extra mass to the
surrounding lattices.
2.2. Motion of vehicle
When vehicles are getting close to each other or impinging on a rigid wall, a strong repulsive force occurs, which
is caused by the fluid squeezed between the solid bodies. These very high pressures in the gap can be successfully
suppressed by incorporating lubrication corrections (see Nguyen and Ladd, 2002) into a lattice Boltzmann
simulation.
The force F and torque T exerted on vehicle bodies are composed of external forces extF (including drag forces,
gravity force, buoyance force, and lubrication force) depending on the incoming DFs, and forces related to the body
velocity U and angular velocity Ω:
ΩζUζFFF  FΩFU0 ext (12)
ΩζUζTT  TΩTU0 (13)
where ζFU, ζFΩ, ζTU and ζTΩ are high-frequency friction coefficients (Nguyen and Ladd, 2002). The velocity
independent forces F0 and torques T0 are calculated at the half-time step as
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The particle velocity U and angular velocity Ω at the next time step are then updated implicitly:
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where m is the mass, and I is the inertia momentum.
With the updated velocity and angular velocity, the new position of an individual vehicle is finally updated with
the following simple equations:
     ΔtΔtttΔtt bb  Uxx (17)
     ΔtΔtttΔtt  Ωθθ (18)
3. Physical model experiments
3.1. Stability limit
Using a length scale of 1:60, a car model of the average size for sedans and minivans (80×28×26mm) made from
lightweight styrene foam is set along the centreline of an open channel with a length 4,800mm, width of 120mm, and
depth of 120mm. The specific gravity of model vehicle is adjusted to 0.235 by installing a weight for the engine part
in the front part. This attachment gives a weight distribution of 60: 40 for front: rear.
In case 1, the front of car is placed facing the dam-break flows generated by suddenly lifting a plate (Fig. 3.a),
while in case 2 the front toward the opposite direction. In addition to these cases, in case 3 two cars are placed
adjacent to each other’s rear (Fig. 3.b). The high-speed PIV camera was used to record water depths at which the
vehicle began to move.
(a) Case 1 (b) Case 3
Fig. 3. Measurement of incipient water depths. (unit: mm)
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Fig. 4. Layout of cars and bridge-type tsunami evacuation tower. (unit: mm)
3.2. Drift behavior
Totally 4 lines of vehicles, each line with 20 vehicles and each two lines with an interval of 90mm, are arranged
70mm in front of the tsunami evacuation tower as illustrated in Fig. 4. Bridge-type tsunami evacuation tower is
constructed by 6 cylinder pillars, each of which has a circle section with diameter of 12mm. The intervals between
two adjacent pillars of tower along the line perpendicular to the wave propagation direction may be long enough for
two abreast vehicles passing.
Tsunami flooding is generated by pumping water through an open gate in a hydraulic flume, and sponge is used
to reduce turbulence. The experimental data are obtained from electromagnetic flow meter, capacity-type wave
height meter and high-speed PIV camera. A discharge of 45l/s is applied, and the corresponding maximum wave
height is 3.3cm. The average flow velocity is 30cm/s after noise reduction.
4. Results and discussions
4.1. Stability limit for vehicles
An initialized vehicle body with four wheels of 5mm in radius is constructed with 6,550 solid nodes, 2,160
surface solid nodes which are adjacent to fluid nodes. Nonslip boundary condition, periodic boundary condition,
transmission boundary condition are used for the bottom and left, the front and back, and the right sides of the
Fig. 5. Computed dam-break flow at (a) t=2.0s and (b) t=3.0s, and (c) snapshot at t=2.0s. Colors indicate the velocity strength.
(c)
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flume respectively. The inertia momentums of the cars are approximated to the 80×28×26mm polyhedron. A series
of numerical simulations has been performed to investigate the movement of vehicles due to the dam-break flows.
Fig. 5 (a), (b) show the numerical results for case 1 at t=2.0s, 3.0s after the dam-break. The car begins to slide on all
four wheels immediately after t=2.0s. The snapshot of car movement at the corresponding time is shown in Fig. 5
(c). The incipient depth at the front corner of numerical car model is identical with the result for physical model.
Temporal variations in the water depth h and the horizontal velocity ux, both in prototype scale, the horizontal  and
vertical forces, fx and fz, expressed in the lattice units (∆x=0.12m, ∆ t=7.710-4s, ∆m=0.048kg) are plotted in Fig.
6. The water depths and horizontal velocities are determined 1.8m away from the car, on the same transverse plane
as the car front. The vertical force fz around t=2.0s appears positive downward in the initial stage
Fig. 6.  Water depth and horizontal velocity in prototype scale, and horizontal and vertical forces in lattice units.
Fig. 7. Incipient water depth and velocity.
due to the run-up over the car front, and becomes positive upward after t=2.5s due to the increase in buoyancy. The
incipient horizontal velocity and depth to move the car are respectively given as ux=5.47m/s, h=0.36m. Both
numerical and physical model experiments for case 2 indicate essentially the same stability limit as the case 1,
although the vertical forces are always positive upward in the case 2. The same stability limit can be also applied to
the upstream car in case 3. The car on the downstream side begins to move immediately after the collision with the
rear of upstream car.
An approximate limit of stability for all the cases is shown in Fig. 7. This relationship between incipient depth
and velocity is similar to the supercritical flow data produced by Humphries and Shiono (2013) using the correct-
density model car (1:20 scaled Ford Focus 427g model car).
4.2. Drift behavior of vehicles
Trajectories of the center of the vehicles illustrated in Fig. 8 indicate that most of these vehicles do not move
straightly in the y-direction, but zigzag slightly at the beginning and bend with a relative significant angle near
the pillars. The collision speed increases with the increase of submerged water depths and flow velocities. The
vehicles do not stay near the pillars after collision and are swept away by the ambient current.
Fig. 9 shows the simulated behavior of 8 drifting vehicles in front of two pillars in the center of evacuation tower.
All these vehicles drift in the y-direction and bypass the pillars, which is very similar to the Fig. 8 except for initial
zigzag behavior. The collision speed of vehicles in the Line 1 is estimated at 11.0cm/s from the physical model
experiment, and slightly larger 11.2cm/s from the numerical model.



	
   
)( mh
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Fig. 8. Snapshot of vehicle models colored by white, red, blue and yellow (numbered Line 1 to 4), and path of the center of each vehicle.
Fig. 9. Simulated drift movement of eight vehicles at (a) t=1.17s, (b) 1.82s, (c) 2.30s in the model scale, and path of the center of each vehicle.
5. Concluding remarks
Besides physical experiments, numerical simulations are performed using a 3D LBM, which has been extended
with free surface and SGS turbulence model, and further modified forthe simulations of motor vehicles with irregular
shape. The fluid-vehicle interaction can be then simulated by the exchange of momentum, due to the application of
link-bounce-back scheme for the movable solid particles in the fluid. The stability limit of vehicles has been produced
in terms of water depth and incipient velocity. The drift behaviors of vehicles near the pillar of the tsunami evacuation
tower are fairly well reproduced by the numerical model.
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